Abstract-The random medium model is used to interpret the polarimetric active and passive measurements of saline ice. The ice layer is described as a host ice medium embedded with randomly distributed inhomogeneities, and the underlying sea water is considered as a homogeneous half-space. The scatterers in the ice layer are modeled with an ellipsoidal correlation function. The orientation of the scatterers is vertically aligned and azimuthally random. The strong permittivity fluctuation theory is employed to calculate the effective permittivity and the distorted Born approximation is used to obtain the polarimetric scattering coefficients. We also calculate the thermal emissions based on the reciprocity and energy conservation principles. The effects of the random roughness at the air-ice, and ice-water interfaces are accounted for by adding the surface scattering to the volume scattering return incoherently. The above theoretical model, which has been successfully applied to analyze the radar backscatter data of the first-year sea ice near Point Barrow, AK, is used to interpret the measurements performed in the CRRELEX program.
INTRODUCTION
Understanding electromagnetic wave interaction with saline ice provides physical insight for interpretation of active and passive remote sensing data of sea ice. Various theoretical models have been developed to characterize the scattering and the emission properties of sea ice [l] . In this paper, the random medium model [2] is used to interpret the measurement data collected at the US Army Cold Regions Research and Engineering Laboratory (CRREL) under the CRRELEX program. To simulate sea ice, saline ice waa grown under partially controlled condition at CRREL and active and passive microwave signatures of the saline ice were measured together with ice characteristic parameters.
Under quiescent condition, the background ice grows in columnar form and saline water is trapped between ice platelets in the form of brine inclusions which are usually ellipsoidal. The ice tends to grow vertically downward rendering the ellipsoidal inclusions aligned preferably in the vertical direction and the crystallographic c-axes parallel to the horizontal plane. In this case, the c-axes are, however, random in the horizontal direction. The saline ice layer is modeled as a random medium containing ellipsoidal scatterers vertically aligned but randomly oriented in the horizontal direction. The strong fluctuation theory is employed to calculate the effective permittivity and the distorted Born approximation is used to obtain the polarimetric scattering coefficients. The emissivity of a layer of sea ice overlying sea water can be obtained through the principles of reciprocity and energy conservation [3] . In other words, the emissivity is obtained as one minus the reflectivity. To account for the effects of rough interfaces, we use small perturbation method interfaces, and add incoherently to the volume scattering return obtained with the distorted Born approximation. This model has been successfully applield to study the radar backscatter for the thick first-year sea ice data measured near Point Barrow, Alaska [5] . In this study, we further employ this model to interpret the multi-frequenc:y active and passive measurements taken during the CRRELEX experiment. 
MODEL DESCRIPTION

Multi-Layered Random Medium Model
The fully polarimetric multi-layered random medium model for sea ice has been developed with the wave theory. The layer configuration is shown in Fig. 1 . Region 0 represents the homogeneous air above sea ice. The sea ice in region 1 contains vertically aligned ellipsoidal scatterers such as saline ice with brine pockets or air bubbles which has spatially varying permittivity el@). Region 2 is the underlying sea water with homogeneous permittivity ca. All three regions are assumed to have the free-space permeability po.
An exponential correlation function locally corresponding to a scatterer is used in the derivation of the effective permittivity with the strong fluctuation theory extended to account for the ellipsoidal shape and the horizontally random orientation of the scatterers. The local correlation function of the brine inclusion has three different correlation lengths related to the three different axial lengths of the ellipsoid as shown in Fig.  2 . The azimuthal orientation of the scatterer is depicted locally with the local 2'-axis parallel to the global z-axis and an Eulerian fluctuation angle q5f corresponding to the angle between the caxis and the global horizontal axis (x-axis). When the average process is performed over the random orientation angle q5jJ the effective permittivity is a uniaxial tensor with vertical optic axis describing the eRective azimuthal symmetry of the inhomogeneous sea ice. When a single set of correlation lengths is used, for simplicity, to model the brine inclusions with various sizes, these correlation lengths are considered as related to the effective size of the scatterers. After the effective permittivity of the sea ice is calculated, the complete set of polarimetric scattering coefficients are obtained under the distorted Born approximation with the anisotropic dyadic Green's function for the layer media. From the scattering coefficients, the Mueller matrix is computed to plot the polarization signatures of sea ice.
Under the distorted Born approximation the polarimetric scattering coefficients, obtained as the correlation of the scattered field, takes the form t where the uniaxial effective permittivity Feffl for region 1 is used to calculate the mean dyadic Green's functions and the mean fields (Ti(?=)). The correlation function for region 1, Ce1jklrn(T1, l; 4j)Ln (1) is the jklm-th element of fourth-rank correlation tensor Eel (Ti, 9; 4f) defined as In (l), the probability density function of scatterer orientation P(4f 1 is simply
for complete random orientation horizontally with no preference in azimuthal direction, and k, = U -is the free-space wavenumber with angular frequency w.
Effective Permittivities
The strong fluctuation theory is used to derive the effective permittivities of the ice layer. The singularities of the dyadic Green's functions in the bilocal approximated Dyson's equations are accounted for; and the low-frequency approximation is applied to obtain the results for the anisotropic sea ice media. The derivations are done in the frequency domain with the Fourier-tpnsform method. The ice layer is described with a normalized local correlation hnction of the form with correlation length l z / , lg,, and l z t in the local coordinates corresponding to the minor, the meridian, and the major axes of the scatterer. Ifi this model, the correlation lengths are related to the effective size and shape of the scatterers. The effective permittivity of the ice layer is composed of a quasi-static part and a scattering part which accounts for the modification in the wave speed and attenuation -The effective dyadic scatterer zejfl is obtained from the volume integration of the dyadic Green's function and the correlation function, the auxiliary permittivity Fgl and dyadic coefficient S 1 characterizing the source singularity of the dyadic Green's function are determined by the condition of secular term elimination. 
Rough Surface Contribution
To account for the effects of rough interfaces at a = 0 and z = -d l , we first approximate the surface statistics by a Gaussian correlation function with standard deviation U m d correlation length e, then employ the small perturbation method to obtain the first-order backscattering field from the interfaces. For example, the surface scattering from the air-ice interface is given by where Oi and k1 denote the angle of incidence and the wavenumber for the ice layer, respectively. The surface scattering is incoherently added to the volume scattering return calculated based on the method described previously.
Emissivities
The Kirchhoff law is invoked to obtain the emissivity of sea ice under isothermal condition from the active bistatic scattering coefficients.
where Tbh (O', 4'; O,d) represents the bistatic scattering coefficient for an h-polarized incident\ wave propagating in the direction described by (O,4) and scattered into the (e', 4') direction with b-polarization.
DATA INTERPRETATION
The theoretical results from the random medium model are compared to the CRRELEX data. For the case under consideration, region 0 is air, region 1 is the sea ice layer containing ellipsoidal brine inclusions, and region 2 is sea water. The thickness of the ice layer is obtained by ground truth measurement. The fractional volume of the brine inclusions is calculated from the bulk ice salinity and temperature. Results from publications are used to estimate the frequency-dependent permittivities of the ice background, the brine inclusions, and the underlying sea water. The theoretical calculations performed with and without the rough interfaces contributions are compared.
The local correlation lengths, which are not defined in the same manner as the global correlation lengths in the Perovich's estimation, corresponding to the effective size of the scatterers need to be determined. In our preliminary calculations, instead of adjusting the correlation lengths to match the experimental data, they are chosen from the characterization of the first-year sea ice obtained by a comparison with the 9 GHz measurements made at Point Barrow, Alaska [2] . This approach, based on the theoretical model, also serves the purpose of referring the remote sensing signatures of the saline ice artificially grown at CRREL to the sea ice in the natural conditions.
The theoretically calculated emissivities are in good agreement with the data. This indicates that the estimated effective permittivity tensor, which affects the emissivity even in the zeroth order, are close to that for natural sea ice. At lower frequencies where the electromagnetic wave can penetrate the ice, the emissivities can be sensitive to the ice thickness. In this case, the h polarization is more sensitive to the thickness than the v polarization which usually has higher attenuation. For information pertaining more to the first or higher order effects, active signatures should be considered.
The backscattering coefficients generated theoretically have also been compared with that observed in the CRRELEX experiment for w-polarized and cross-polarized returns only, since measurements of other elements in the covariance matrix are not available. At 5 GHz, the theoretical results overestimate the CR-RELEX data at larger incident angles. This indicates that the local correlation lengths of the grown sea ice probably smaller than those observed at Point Barrow. At smaller incident angles, the measurements are higher than the theoretical values without rough surface contributions. At 10 GHz, the results, calculated using the above correlation lengths, are all higher than the measured values provided to us for the backscattering from the CRRELEX experiment.
